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Geometrical modelling for tubular braids of different structures is studied and a simple versatile three-dimensional model 
is proposed after considering the crimp of the braiding yarn together with the tubular curvature of the tubular braid 
structure. The proposed model is versatile and suitable not only for different braid structures, but also, with the changes 
in the structural parameters such as braid angle, number of yarns in a set, yarn and mandrel diameter the model is still 
applicable. Application and 3D drawings of the model for diamond, regular and triaxial braids are given with the aid of 


Visual Basic and 3DSMax Studio. 
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Introduction 


Braiding is the intertwining of yarns at a defined angle 
(braid angle) between the longitudinal axes of the struc- 
ture and the yarns in a desired braid structure. Most 
common braid structures are diamond (1/1) braid, 
where each yarn crosses above and below the other 
yarn in a repeating manner, and regular (2/2) braid, 
where every yarn crosses above two and below two 
other yarns of the set moving in the opposite direction 
in a repeating manner. It is also possible to add axial 
yarns in the longitudinal direction and to obtain triaxial 
braids. Braids with the mentioned structures can be flat 
or tubular. 

Tubular braiding has traditionally been used for the 
manufacture of textile structures such as ropes, but in 
recent years braiding is increasingly being used in avi- 
ation, medical applications, sporting goods, mechanical 
and civil engineering applications whether as itself or as 
reinforcement within composites. Among the compos- 
ite applications it competes with filament winding, pul- 
trusion and tape lay-up methods. Even by using 
mandrels of different cross-sectional shapes, 3D 
braided preforms can be obtained. 

In order to perform engineering analysis of the struc- 
tures, it is important to develop theoretical models. 
These models build the relationship between the 
machine parameters and the geometry of the braids to 


be used in the prediction of the mechanical behaviour. 
Geometrical modelling is for the definition of the unit 
cell and is needed to predict the mechanical behaviour 
of braids. In addition to being the starting point for the 
analysis of failure mechanisms, the geometry of the 
braid structure, whether to be used alone or as a rein- 
forcement in the composite, is also the starting point 
for the manufacture of the braids because geometrical 
models are useful to simulate the braided structure 
before manufacturing. In this way, it can be possible 
to optimize the braid structure for desired performance 
criteria. 

The studies on the geometrical definition of the tubu- 
lar braided structures started with Brunnschweiler,! as 
he derived 2D structural parameters of small diameter 
braids made of staple fibres to simulate the length of the 
braid using mathematical formulations. These were 
based on Pierce’s assumptions of woven fabrics, and 
were to be used in the calculations of the extensions 
at break. Goff’ introduced a crimp effect into the 
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geometric calculations of the braids by using numerical 
integration to obtain the path of a braiding yarn. 

Among the studies on tubular braids, Phoenix® stud- 
ied the tubular diamond braid with an elastic core and 
calculated the yarn length as a complete integral of a 
second kind. Wu et al.* focused on deriving a physical 
model for tubular small double braided ropes, sub- 
jected to either simple tension or simultaneous action 
of tension and bending, by defining a position vector 
for the braiding strand. Carey et al.° considered a sinu- 
soidal trajectory to give a 2D configuration for only the 
undulation of the braiding yarns while proposing a 
model to predict the longitudinal elastic modulus of 
tubular braided composites. Mechanical responses of 
hybrid tubular braids were investigated by Hristov 
et al.° based on the braid geometry defined by numbers 
of tangential vectors. Hopper et al.’ also studied on the 
mechanics of a hybrid tubular braid with an elastic core 
but the yarn crimp was excluded in the calculations of 
the geometrical parameters. Yiiksekkaya and Adanur® 
investigated the tubular braided structures intended for 
medical applications; the relationship between the braid 
angle, helical length, braid diameter and elastic radial 
force were developed but the yarn crimp was ignored. 
Ayranci and Carey’ have summarized the studies on 
the models for predicting the elastic constant of 2D 
braided composites and it was indicated that very few 
of the models used to predict the tubular braiding struc- 
ture’s elastic constants, consider the tube curvature in 
the geometric definition of the unit cell until improve- 
ments were introduced on certain existing models to 
compensate for the curvature in the unit cell. Later 
Endruweit and Long’ proposed a model for the in- 
plane permeability of triaxially tubular braids, but for 
the characterization of the braid properties, the tubes 
were considered to be sliced and unrolled to flat sheets. 

In these studies’ '° on tubular braids, geometrical 
definitions such as yarn length are given, but such 
parameters are defined two-dimensionally to be consid- 
ered in physical modelling, so the yarn paths are not 
defined which is needed for simulation of the braid 
structure. Only the necessary geometric parameters 
were derived' ® to be used in predicting certain perfor- 
mance behaviours, or position vectors were used in 
defining the braid structure,*° or the yarn crimp was 
not included”* in the calculations, or the tube curvature 
was not considered.?!° 

When studies on triaxial braids are examined, 
among them Byun!’ has proposed a model to predict 
the elastic constants of the triaxially flat braided com- 
posite based upon the unit cell geometry of the rein- 
forcement and thus, as a start, geometrical calculations 
for the triaxial flat braid were carried out with the 
assumption that the undulation was to be in the form 
of an arc. Ivanov et al.'? focused on geometrical 


features, mechanical properties and damage initiation 
in a triaxially flat braided composite. As a start the 
characterization of the 3D architecture of the reinforce- 
ment which was a triaxial flat braid has been defined 
through geometrical considerations. Zhang et al.'? pro- 
posed an analytical model for predicting the elastic 
properties of triaxially flat braided composite based 
on the iso-strain and interfacial continuity conditions. 
In terms of geometric definitions of the reinforcement 
the braider yarn cross-sections and the yarn length were 
defined. Xiao et al.'* also studied a proposal for a 
model to predict the elastic constants of the triaxial 
flat braided composite, but in order to be able to pre- 
dict the strength of the composite a geometric definition 
of the structure’s unit cell was proposed where the yarn 
crimp was represented by a set of simple straight lines. 
So the studies'® '* on triaxial braids are mainly focused 
on the flat braids. 

None of the above given studies propose three- 
dimensional yarn paths which are needed for the sim- 
ulation of the braid geometry, but there are also a few 
studies on the braids where the yarn paths are defined 
in three-dimensions. Lomov et al.'> studied flat braids 
and proposed a geometrical model by giving the paths 
of the yarn centrelines within a predetermined unit cell. 
Liao and Adanur'® aimed to develop 3D yarn shapes 
for tubular braids by the Frenet frame approach which 
meant developing each yarn by sweeping a closed curve 
along a centreline path where the closed curves and the 
centreline path represent the cross-sectional shape and 
the centreline configurations of the constituent yarns. 
The model was applied for diamond and regular braids 
by using coordinate frame techniques for sweeping the 
yarn with a 2D contour and a 3D trajectory as its cen- 
treline. Complicated expressions were used for trajecto- 
ries that were not arc-length parameterized. Thus it was 
indicated that the solutions of the resulting equations 
could give rise to numerical difficulties and a general 
class of possible trajectories was needed to be obtained. 
The visualization was performed by OpenGL graphics 
system. However, this model does not consider the 
braid structure and the structural parameters so it is 
not applicable with different braid structures and the 
changes in the structural parameters can not be imple- 
mented into the model. Potluri et al.'’ introduced a 
computer controlled braiding machine to manufacture 
triaxial tubular braids and the braided structure has 
been simulated using virtual reality modelling language 
by sweeping the 2D cross-sectional area along a 3D 
path, however, the crimp/undulation of the braiding 
yarns has been ignored. Rawal et al.'* studied tubular 
braids and presented 3D coordinates of the braiding 
yarn paths over different mandrels with different 
cross-sections, but they have ignored the yarn crimp 
(the sinusoidal path in the radial direction). 
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An accurate geometric modelling of braids is essen- 
tial for accurately defining and predicting the mechan- 
ical properties of the structure. So realistic geometric 
modelling is fundamental as it is the starting point in 
modelling the deformability of structures. It is also 
important for a geometrical model to be put simply 
but not less realistic. In this study, a simple 3D geomet- 
rical model for the yarn paths composing tubular 
braids, which takes into consideration the crimp of 
the braiding yarn and is versatile to be used for 
braids with different structural parameters, has been 
given. The model proposed has been applied for dia- 
mond and regular tubular braids, and also for the tri- 
axial diamond tubular braid. 3D simulation and 
presentation of the model applications have also been 
given. 


Creation of the model 
Assumptions 


In the model, the yarns are assumed to be non-com- 
pressible and yarn cross-sections are assumed to be 
elliptical within the structure. A flattening coefficient 
is given, as below, so that the minor diameter (denoted 
by a) and major diameter (denoted by 4) of the yarn 
cross-section within the braid structure can be calcu- 
lated in terms of the yarn diameter, as yarn is on the 
bobbin. 


e = a/b,e <1 (1) 
md stab 
ae 2) 


where e is the flattening coefficient, a and b are the 
minor and major diameter of the yarn within the 
braid, dis the yarn diameter prior to braiding. 

Braiding yarns in the aimed structures are consid- 
ered to have the same minor and major diameters and 
the cross-section of the yarns is uniform through the 
yarn length within the braid structure. 

The crimp of the braiding yarns are assumed to be 
sinusoidal and along the braid length the yarn sets are 
assumed to follow a helical path with radius rp around a 
cylindrical mandrel which has a radius of R. So while 
the braiding yarn is following a sinusoidal curve it will 
be wound helically around a mandrel. As one set of 
yarns is revolving in the clockwise direction the other 
set will be revolving in the counter-clockwise direction. 

There is no yarn slippage within the structure during 
and after the braiding process. 

For the triaxial braid structure, the axial yarns which 
are placed in the longitudinal direction of the structure 
are assumed to be elliptical having the same minor and 


major diameters as the braiding yarns in the cross- 
section. They are also assumed to be uniform and 
straight. These straight yarns affect only the cross- 
over points where they are placed by shifting each 
braiding yarn at these crossover points with an 
amount of half of the minor diameter of the axial 
yarn cross-section. 


Equation derivation 


As the yarn sets for different types of braid structures 
follow a helical path, the equations giving the helical 
path along the mandrel will be the same for differ- 
ent types of the structures braided on a cylindrical man- 
drel. So the derivation of these equations is only given 
for the diamond braid structure as it is the basic struc- 
ture. But for the sinusoidal path which the braiding 
yarn is to follow while helically wound onto the man- 
drel needs to be defined simply for different braid 
structures. 


Equations for diamond braid structure 


In the diamond braid, while one set of yarns are 
braided in the clockwise direction the other set will be 
braided in the counter-clockwise direction by each set 
crossing over and under the other set of yarns; one yarn 
over the other at each crossover point while at the next 
crossover point the placement of the yarns are vice 
versa. 

The braiding yarns follow a helical path with a con- 
stant helix angle, which is the braid angle with the hor- 
izontal axes, over the cylindrical mandrel as shown in 
Figure 1. 

The general equations giving such a helical yarn path 
are as: 


X = 19 cos (3) 
Y=rosin0 (4) 
Z = ro(tana)d (5) 


Here q@ is the braid angle (constant helix angle with 
the horizontal axes), rg is the radius of the tubular braid 
and @ is the wrapping angle on the mandrel where 
0<0<2z for one complete helix. For the braiding 
yarns revolving in the opposite direction on the same 
mandrel *—6’ shall be taken. The radius of the mandrel 
can be defined as R = ro — a where a is the minor diam- 
eter of the braiding yarn. 

While one set of braiding yarns are helically wound 
onto the mandrel, they have a yarn crimp (undulation), 
due to the other set of braiding yarns moving in the 
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Figure |. The path of the braiding yarns (one from the set of 
braiding yarns moving in the counter-clockwise direction and one 
from the set of braiding yarns moving in the clockwise direction) 
on the cylindrical mandrel (a) set of axes on perspective view, 
(b) side view. 


opposite direction by crossing over/under, which is 
defined by a sine wave. To define this sine wave the 
braiding yarns are opened up on the ZX plane 
(Figure 2). 

In Figure 2, ‘n’ and ‘m’ represent sets of braiding 
yarns moving in opposite directions, 6 is the shift 
angle between the braiding yarns moving in the same 
direction (Figure 3). On the mandrel the distance 
between the two braiding yarns moving in the same 
direction can be expressed by rof. And if the distance 
along the braiding yarn between the two crossover 
points is denoted by p then the below equations can 
be written where n is the number of braiding yarns 
moving in the same direction: 


2 
2nry9 = nryp > P= = (6) 
_ rob 
PD cosa ) 


The yarn crimp of the braiding yarn is given 
in Figure 4 by considering X’ to be the axes of 
the aforementioned sine wave of the braiding yarn 
and Y’ to be the axes perpendicular to ZX plane and 
also to X’. 

In Figure 4, one of the braiding yarns revolving in 
the counter-clockwise direction is considered and the 
crossing over/under of the opposite braiding yarns 


Figure 2. The helical path of the braiding yarns on ZX plane 
and Z'X; axes system where Y; is perpendicular to Z;X; plane. 


Figure 3. Shifting of the braiding yarns moving in the counter- 
clockwise direction (view on XY plane). 


Figure 4. Crimp path of the braiding yarn revolving in the 
counter-clockwise direction for diamond braid structure (this 
axes system can be seen in relation with XYZ coordinate system 
in Figure 2). 


expressed by m;, mz, m3 can be seen. The crimp (undu- 
lation) path of this braiding yarn can be written as: 


y= 5 sin(eX") (8) 


where a is the minor diameter of the cross-section of the 
braiding yarn, a/2 is the amplitude and 27/k defines the 
period which is equal to 2p. 
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Figure 5. Crimp path of the braiding yarn revolving in the 
clockwise direction for diamond braid structure (this axes system 
can be seen in relation with XYZ coordinate system in Figure 2). 


20 roB 


Mg, - 270 COS a 
k 


roB 


Considering equation 9, X‘ can be expressed in terms 
of the wrapping angle, 0, as ae and when the crimp 
path of the braiding yarn (as a sine wave) is written on 
X'Y’ axes system in terms of the wrapping angle, 6, the 


following equation is obtained: 


r(0) = 5 sin (= 0) 


When the general yarn path equations of the braid- 
ing yarns revolving in the counter-clockwise direction is 
written by superimposing the braiding yarn crimp and 
including the shifting angle the following equations are 
obtained: 


(9) 


~ cosa 


(10) 


n= ee (11) 

(6) = ssin( 0 n 5) (12) 

Xi = (1 + (0) cos(9 + (i — 1)),i= 1,2... (13) 
Y¥; = (ro + (0) sin(@+(i—)f),i=1,2...n (14) 
Z; = rptanad,i=1,2...n (15) 


where p is the distance between the crossover points, a 
is the minor diameter of the yarn cross-section, rg is the 
radius of the tubular braid, r(@) is the crimp of braiding 
yarn as a sine wave, f is the shift angle between the 
braiding yarns moving in the same direction, a is the 
braiding angle with the horizontal axes, n is the total 
number of the braiding yarns revolving in the same 
direction, i is the counter defining the actual braiding 
yarn revolving in the same direction and 6 is the wrap- 
ping angle (variable) around the mandrel (0<6<2z). 
For the braiding yarns moving in the clockwise 
direction, the same sine wave (with the same amplitude 


and period) will be used but at the crossover points, 
where the braiding yarns in the counter-clockwise direc- 
tion are above the ones moving in the clockwise direc- 
tion, they are below the crimp path in Y’Z’ axes, as in 
Figure 5. 

Thus the yarn path in terms of wrapping angle 0 is as 
below: 


noe eo 
(6) = Ssin( 045 +2) (16) 
So the general yarn path equations of the braiding 
yarns revolving in the clockwise direction are written by 
superimposing the braiding yarn crimp and including 
the shifting angle as: 


me a (17) 

(0) = Ssin( 94) (18) 

X; = (1) + r(0)) cos(—6 — (i— 1)8),i=1,2...n (19) 
Y; = (ro + r(0)) sin(—6 — (i— 1)B),i=1,2...2 (20) 
Z; =rotanad,i=1,2...n (21) 


where p is the distance between the crossover points, a 
is the minor diameter of the yarn cross-section, /’o 1s the 
radius of the tubular braid, r(@) is the crimp of braiding 
yarn as a sine wave, # is the shift angle between the 
braiding yarns moving in the same direction, a is the 
braiding angle with the horizontal axes, 7 is the number 
of the braiding yarns revolving in the same direction, i 
is the counter defining the actual braiding yarn revolv- 
ing in the same direction and 6 is the wrapping angle 
(variable) around the mandrel (0<6<2z). 


Equations for regular braid structure 


The equations derived for the diamond braid can be used 
here but in the regular braid, each braiding yarn moving 
in the same direction crosses over two of the other set of 
yarns moving in the opposite direction so that the cross- 
over points, as in the case of the 2/2 twill woven struc- 
tures, but with a braiding angle to the horizontal axes are 
obtained. So some modifications are needed only with 
the equations derived to define the yarn path with the 
undulations and crossovers in the XY’ axes. 

The braiding yarn moving in the counter-clockwise 
direction within regular braid structure is given in 
Figure 6 with X' to be the axes of the mentioned sine 
wave of the braiding yarn and Y’ axes which is perpen- 
dicular to ZX plane and X’ axes. 


448 


Textile Research Journal 82(5) 


7p. py Pp 


| we J.P _,, —1 
(crossover) (undulation){crossovet) (undulation) 


x 


Figure 6. Crimp path of the braiding yarn revolving in the 
counter-clockwise direction for regular braid structure. 


On the yarn path, it is assumed that for the crossover 
region (p') between the points A and B (Figure 6) 
the path is straight whereas for the undulation region 
(p) between the points B and C (Figure 6) the path is a 
sine wave. The period of the braiding yarn crimp is 
2(p + p’). 

As there are straight parts and sinusoidal parts in the 
yarn path of the braiding yarn, the path shall be given 
as a discrete function of the wrapping angle 6 and thus 
it is necessary to relate the period of yarn crimp and 
helical wrapping angle 0. 


For this purpose, the undulation region of regular 
braid and diamond braid are assumed to be identical; 
so as the braiding yarn is wrapped helically around the 
mandrel with an angle of 6/2, where 6 is the amount of 
wrapping to give the crimp (2p) of the diamond braid 
and has already been defined for the diamond braid, the 
braiding yarn will complete p as the undulation region 
in the regular braid structure. 


There exists many studies on the calculations of the 
undulation (p) and crossover (p’) regions, but as a 
common point p and p' can be written in terms of the 
yarn’s radius and thus in terms of each other. So a 
coefficient between p and p' can be defined and used 
here as p'=pk;. 

Now, a relationship can be obtained between the 
wrapping angle and the period of the crimp. To com- 
plete an undulation region of p, the braiding yarn is 
wrapped helically with an angle of 6= 6/2, in order to 
complete the crossover region of p' the braiding yarn 
shall wrap by plus an angle of 46/2. 

So the yarn crimp of the braiding yarns moving in 
the counter-clockwise direction can be written, as 
below, in terms of the wrapping angle (in Figure 6 
from point A to E): 


a/2 0<6<kB/2 
a/2sin Fo +5 ki B/2 <0 < (ki + 1)B/2 
19) =)_ 4/2 ‘(ky 4) B/2<6-< (2k, H)B/2 


a/2 sin( a di °)  (2k+1)B/2 <0 < (ki + DB. 


(22) 


The general yarn path of the yarns revolving in the 
counter-clockwise direction can be written considering 
the shift angle and the braiding yarn crimp as below; 


2(p + p') cosa 
lo. =? 


2B (23) 

X; = (9 +) cos(6 + (i—1)f),i=1,2...n (24) 
Y; = (ro +r(0)) sin(6 + (i— 1)B),i=1,2...n (25) 
Z; = rotanad,i=1,2...n (26) 


And for the clockwise braiding yarns the yarn path 
can be given by the below equations: 


—a/2 50<6<k,B/2 
a/2 sin( Fo = kiB/2 <0 <(k, + 16/2 
8 - (ky +1)B/2 <0<(2ki H1)B/2 


a/2 sin( So + =) 5» (2k +1)B/2 <0 <(k, + 1)B 


(27) 
ioe 2(p + pi) cosa (28) 

B 
Xi = (ro + r(0)) cos(—6 — (i— 1)6),i= 1,2... (29) 
Y; = (ro + (0) sin(—9 — (i— 1)f),i=1,2..n (30) 
Z; = rotana,i=1,2...n (1) 


where p is the length of the crossover region in the crimp 
path, p’ is the length of the undulation region in the 
crimp path, a is the minor diameter of the yarn cross- 
section, k, is the coefficient between p and p’, ro is the 
radius of the tubular braid, r(@) is the crimp of braiding 
yarn as a sine wave, # is the shift angle between the 
braiding yarns moving in the same direction, a@ is the 
braiding angle with the horizontal axes, is the 
number of the braiding yarns revolving in the same 
direction, 7 is the counter defining the actual braiding 
yarn revolving in the same direction and 6@ is the wrap- 
ping angle (variable) around the mandrel (0<@<2z). 


Equations for triaxial braid structure 


The model creation for a triaxial diamond braid is 
given here. The axial yarns placed in the longitudinal 
direction of the structure are assumed to affect the 
crossover points by shifting the braiding yarns 
moving in the opposite direction and around the axial 
yarn with an amount equal to half of the minor diam- 
eter (a) of the axial yarn. 
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axial yarn 


Figure 7. Crimp path of the braiding yarn revolving in the 
counter-clockwise direction for triaxial diamond braid structure. 


Figure 8. The braiding yarn of the triaxial structure moving in 
the counter-clockwise direction given as a sinusoidal wave. 


When the axial yarns are placed at every crossover 
point in a diamond braid structure the difference in the 
equations when compared to an ordinary diamond 
braid will only be the change in the amplitude of the 
yarn crimp. So by only changing the crimp path as 
given below, the same equation set of the diamond 
braid (equations 13-15 and 19-21) can be used to 
obtain the yarn paths of such a triaxial diamond braid. 


2 
r(0) = asin (Fo + 5) (for the braiding yarns moving 


in the counter — clockwise direction) 
(32) 


_ (20 3x 
Ho) = asin( "0+ 5 


in the clockwise direction) 


) (for the braiding yarns moving 


(33) 


When the axial yarns are inserted at every two cross- 
over points the axial yarn will shift the braiding yarns 
at these crossover points only (Figure 7). 

In order to define the crimp path of such shifted 
braiding yarns using a sine wave, the amplitude of the 
yarn crimp is as a;=3a/2 and such a braiding yarn 
moving in the counter-clockwise direction is given as 
a sinusoidal wave on X’,Y’; axes in Figure 8. The 
same calculation methods are used as given for the 


( 


2" 
2 0) 


ah ty 
O)=7+ j sin( 


Figure 9. The distances between the crossover points of the 
braiding yarn moving in the counter-clockwise direction of the 
triaxial structure. 


diamond braid for the crimp period (2p), shift angle 
(8) and tubular braid radius (rg). 

So the crimp path can be given in terms of helically 
wrapping angle @ on the axes system of X‘,Y‘; as: 


r,() = sin 6) (34) 


When this path is written according to the X‘Y’ axes 
system the crimp path of the braiding yarn revolving in 
the counter-clockwise direction will be as: 


(0) = 7 Ea spsin( 0) 


However with this crimp path the distance for the 
crossover points gets narrower (p" <p in Figure 9) and 
thus the braiding yarn revolving in the opposite direc- 
tion can not fit. 

A coefficient is needed between p” and p which will 
affect the radius of the tubular braid so that such a 
crimp path of sine wave can be used to give the yarn 
path of the braiding yarn in a triaxial diamond braid 
while the other set of yarns moving in the opposite 
direction can cross over/under. 

Such a coefficient (£2) can be obtained by propor- 
tioning the wrapping angles needed to obtain the 
distance, p’ and p: 


(35) 


X 
m7 [Oro eral mo 

and 
=e (37) 
From here kz = —,, can be obtained where ¢ is the 


angle causing the difference in the distances between the 
crossover points. In order to find this angle g, it is nec- 
essary to find the points at which the equation 35 
crosses the X’ axes (Figure 9). 
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(a) 


Figure 10. Application of the model for diamond braid over 
the mandrel (a) front view, (b) top view of the drawings for the 
yarn paths (demonstrating yarn centrelines). 


(38) 


and from here vy = 226, = 19.5° can be found and the 
coefficient (£2) can be calculated. 


Thus the general equations of triaxial (at every two 
crossovers) diamond braid for the braiding yarn in 
the counter-clockwise direction can be written as 
below: 


ro = ko B (39) 

r(0) = i a sin (Fe Es 5) (40) 

X= (9) +1(0)) cos(6 + (i—1)B),i=1,2...n (41) 
Y; = (ro + r(0)) sin(@ + (i — 1)8),i=1,2...n (42) 
Z; = ro(tana)d,i=1,2...n (43) 


Figure I 1. Front view of diamond braid structure with multi- 
filament yarns drawn and rendered according to the present 
model by 3DS Max Studio. 


and for the braiding yarn moving in the clockwise 
direction can be written as: 


Oy es (44) 

B 
(6) = — a af “ sin (Fe ‘ a ) (45) 
X; = (ro + (6)) cos(—0 — (i— 1)f),i= 1,2...n (46) 
¥; = (ro + r(0)) sin(—6 — (i— 1)6),i=1,2...n (47) 
Z; = ro(tana)6,i=1,2...0 (48) 


where p is the distance between the crossover points, a 
is the minor diameter of the yarn cross-section, ro 1s the 
radius of the tubular braid, r(@) is the crimp of braiding 
yarn as a sine wave, f is the shift angle between the 
braiding yarns moving in the same direction, @ is 
the braiding angle with the horizontal axes, n is the 
number of the braiding yarns revolving in the same 
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(b) 


Figure 12. Application of the model for regular braid over the 
mandrel (a) front view, (b) top view of the drawings for the yarn 
paths (demonstrating yarn centrelines). 


direction, 7 is the counter defining the actual braiding 
yarn revolving in the same direction and 6 is the wrap- 
ping angle (variable) around the mandrel (0<6<2z). 


Application of the model 


The equations giving the yarn path of the braiding 
yarns for diamond, regular and triaxial diamond 
braid are derived and with the aid of visual basic pro- 
gramming the coordinates of the points giving the 3D 
path of the braiding yarns are obtained. 

The paths of the yarns are drawn three-dimension- 
ally with the aid of 3DSMax Studio and in order to 
draw the structures with each program, braid angle 
(a), flattening coefficient of the yarns (e), and number 
of the braiding yarns moving in the same direction (7), 
are given as input data: a=45°, e=0.5, n=8 and for 
the regular braid k; =1 is considered. 

In order to maintain a realistic look, the yarns are 
drawn to be multifilament yarns with exact cross-sec- 
tions by filling the elliptical cross-section of the braiding 
and axial yarns with filament fibres of circular cross- 
sections and rendered views are obtained with the aid of 
3DSMax Studio. 


Figure 13. Front view of regular braid structure with multifi- 
lament yarns drawn and rendered according to the present 
model by 3DS Max Studio. 


3D yarn paths of the diamond tubular braid with a 
total of 16 yarns are given in Figure 10a and 10b, as 
front and top views, by demonstrating the yarn centre- 
lines and the centrelines of the yarns braiding in the 
same direction are given in the same colour. The ren- 
dered view of the diamond tubular braid using multi- 
filament yarns is given in Figure 11. For regular 
tubular braid with a total of 16 yarns, 3D yarn paths 
are given in Figure 12a and 12b, as front and top views, 
and the rendered view of the regular tubular braid by 
using multifilament yarns is given in Figure 13. 3D 
yarn paths and the rendered views of the triaxial tubu- 
lar braid with 16 yarns braiding and eight straight 
yarns are given in Figures 14 and 15. Side views for 
the 3D paths are not given for any of the structures 
because as the braids are tubular, side and front views 
will be the same. In the top views of the 3D yarn paths 
for all of the structures, the crimp as a path with sine 
wave can clearly be seen. Also, it is possible to observe 
the placement of straight yarns at the crossovers in 
Figure 14b. 
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(a) 


(b) 


Figure 14. Application of the model for triaxial braid over the 
mandrel (a) front view, (b) top view of the drawings for the yarn 
paths. 


Discussion 


For the simplicity of the model, the cross-sections of 
the yarns are assumed to be elliptical within the braided 
structures by inputing a value for the flattening coeffi- 
cient. However, it is possible to include any yarn cross- 
section based on Kemp’s or Hamilton’s assumptions 
within the equations and programs. 

The distances between the crossover points of the 
braiding yarns are assumed to be p= 2.5h, where 5 is the 
major diameter of the yarn cross-section, because the 
yarns were assumed to have elliptical cross-sections and 
slack structures were considered. However, if the yarns 
are considered to have cross-sections other than elliptical, 
the appropriate equation giving the distances between the 
crossover points along the braiding yarn will be included 
in the calculations of the model and the programs. 

After all, it is possible to use the general equations 
given to obtain the yarn paths by considering the yarn 
undulation with different yarn cross-sections and, thus, 
different distances between the crossover points along 


Figure 15. Front view of triaxial braid structure with multifi- 
lament yarns drawn and rendered according to the present 
model by 3DS Max Studio (demonstrating yarn centrelines). 


the braiding yarn equations are used. In addition, the 
model is versatile enough to be adapted for the man- 
drels with variable cross-sections. 

With a tight structure, the cross-section of the braid- 
ing yarns will be flattened in addition to being com- 
pressed, also shifting of the braiding yarns will occur 
on the Z axis of the ZX plane of the braiding yarn while 
helically wound onto the mandrel. So in case of a tight 
structure, these facts shall also be considered by defin- 
ing the Z(@) as a discrete function, however, tight struc- 
tures are not preferable for load bearing applications 
due to the divergence in the axes of the braiding yarns 
in accordance with the load direction. 

The application of the model was done considering 
16 yarns with 0.5 as the flattening coefficient and a 45° 
braid angle for all of the structures, however any 
number of yarns with any flattening coefficient can be 
braided by inputting any number as ‘”’ with any value 
for the braid angle. For the application, 3DSMax 
Studio was preferred because it is a 3D modelling, ani- 
mation, and rendering program which features realistic 
appearances and it was used only to express the yarn 
paths in 3D after obtaining the yarn paths from the 
equations by entering practical data as input. Any 
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such software other than 3DSMax can also be utilized 
to observe the obtained yarn paths in 3D. 


Conclusion 


A geometrical model, which is simple and versatile, is 
proposed to simulate three-dimensional yarn paths of 
the braided structures and the proposed model is appli- 
cable for different braid structures and also braids with 
different structural parameters such as braid angle, 
number of braiding yarns (horn gears), etc. 

3D yarn paths for diamond, regular and triaxial dia- 
mond braid have been geometrically obtained via the 
proposed model. Slack structures of them have been 
simulated by drawing and rendering in 3D with the 
aid of Visual Basic and 3DSMax Studio programs. 
The application of the model for tighter tubular 
braids and for braiding on mandrels with variable 
cross-sections has been left for future work. 

With the proposed model the braided structures can 
be simulated so that the structures can be modified for 
desired performance criteria prior to manufacture and 
it is also possible to visualize braided structures under 
different loadings as different braid angles can be input 
into the proposed model. By including the appropriate 
equations within the program the yarn consumptions 
can be calculated. 
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